Abstract: As the cousin of phosphorene, antimonene, i.e., two-dimensional Sb monolayer, aroused an intensive attention to its physical performance in recent years. In this paper, few-layer antimonene (FLA) nanosheets with thickness of 3∼6 nm were prepared by liquid phase exfoliation (LPE). The saturated absorption properties were measured using the Z-scan method. The single-and dual-wavelength mode-locked fiber lasers were demonstrated using erbium-doped fiber as a gain medium based on the antimonene saturable absorber. For the single-wavelength pattern, the pulse width of fundamental frequency was 1.73 ns with a frequency of 2.16 MHz. The maximal output power was 7.28 mW, corresponding to the maximal peak power of 1.92 W. In addition, the shortest pulse width of 953 ps was achieved with the high-order mode-locked laser. For the dual-wavelength laser, the two synchronous wavelengths at steady operation were 1561.3 and 1562.7 nm. The difference frequency of these two wavelengths (0.17 × 10 12 Hz) belongs to the terahertz waveband, which provides a powerful light source for the development of terahertz. Our results demonstrated that antimonene was an excellent nonlinear absorption material in mode-locked fiber laser and broadened this application in optics.
Introduction
The outstanding physicochemical property of two-dimensional (2D) graphene refreshed the traditional viewpoints on nano-materials and nanoscience and ushered us in a new nano-world, since it was mechanically exfoliated in 2004 [1] . The following single-walled carbon nanotubes [2] , twodimensional (2D) transition metal sulfide, such as MoS 2 , WS 2 , WSe 2 [3] - [5] , and black phosphorene (BP) [6] , [7] had aroused scientists' interest in recent years. As the cousins of phosphorene, monolayer antimonene with indirect band gap of 2.28 eV [8] is difficult to be oxidized in oxygen atmosphere at room temperature in comparison with phosphorene [7] , which broadens the application in photoelectronic device. Antimonene presents high carrier mobility [9] , good heat conductivity [10] , excellent thermoelectric performance [11] , high refractive index [12] and superior saturation absorption performance [13] . Recently, few-layer antimonene nanosheets had been manufactured in different methods, such as mechanical stripping [14] , liquid phase exfoliation [15] , molecular beam epitaxy [16] and van der Waals epitaxy [17] .
The properties of short-pulsed lasers are largely determined by the characteristics of saturable absorption materials [18] , [19] . 2D materials had been widely employed in ultra-fast photonics due to their unique nonlinear optical response [20] . For example, phosphorene had been reported as saturable absorbers in ultra-fast fiber lasers [21] . In 2010, Daniel Popper and Sun et al. designed passively mode-locked fiber lasers based on saturable absorber of graphene and obtained stable femtosecond and wavelength tunable lasers [22] . Their experimental pulse width, pulse energy and frequency were 174 fs, 44 pJ and 27.4 MHz, respectively. In 2014, Xia et al. reported the 1.55 μm fiber laser based on the few-layer MoS 2 nanosheets and achieved stable mode-locked soliton pulse with central wavelength of 1568.9 nm and pulse width of 1.28 ps for the first time [23] . In 2016, Li et al. used black phosphorene as a saturable absorber and obtained 8.6 ps mode-locked pulse laser [24] . In 2018, Tian et al. indicated the ultrafast mode-locked femtosecond pulse output based on TiS 2 saturable absorber [25] .
Antimonene has been demonstrated to be an outstanding nonlinear absorption material [26] . The nonlinear absorption cross-section of antimonene and N-Graphene are in the same order of magnitude [26] . Comparing to phosphorene, MoS 2 and hydroxyl-boron nitride, antimonene exhibited larger absorption cross-section [26] . At the same time, the stability of antimonene couldn't be matched by phosphorene, which broadens the application in optics. Based on the nonlinear absorption property of 2D materials, some research on short-pulse laser has been widely realized. In 2017, based on FLA saturable absorber, Song et al realized 1.5 μm, 552 fs ultra-short pulse laser using erbium-doped fiber as gain medium [20] . In 2018, adopting antimonene as SA and Nd: YAG and Nd: YVO 4 crystal as gain medium, Wang et al. realized 946, 1064 and 1342 nm passively Q-switched solid-state-lasers, respectively [27] . The relatively higher peak power and shorter pulse width at 1342 nm indicated antimonene was particularly effective for the long wavelength solid-state-laser.
To the best of our knowledge, this is the first time that antimonene has been used as a SA to achieve a dual-wavelength erbium-doped fiber laser. It can effectively avoid the complexity of the laser system by adding auxiliary devices such as optical filters [28] and polarization-maintaining fibers [29] . And the dual-wavelength laser has potential application in generation of terahertz wave [30] . Meanwhile, terahertz wave has widespread application in imaging, communication, biology, medical treatment, environmental monitoring and radar. So, research on the dual-wavelength laser has potential value. In this paper, we report the preparation and sample characterization of antimonene. At the same time, we researched the single-wavelength and dual-wavelength erbiumdoped mode-locked fiber lasers using antimonene as saturable absorber. The dual-wavelength laser with wavelengths at 1561.3 and 1562.7 nm broadened the application of 2D antimonene at the generation of terahertz waveband and other optical devices.
Experimental Details

Antimonene Preparation and Structure Characterization
The FLA nanoflakes were produced by LPE [15] . LPE is a fast, simple and effective method for the preparation of high quality 2D nanosheets. As organic solvent, the ultra-pure ethanol is effective to disperse nanoflakes. Firstly, the antimony crystals (300 mg) were ground using agate mortar. The antimony powders were collected and dispersed in ethanol (6 mL) for 2.5 hours of ultrasonic treatment (40 KHz, 300 W and room temperature). Fig. 1(a) shows the prepared antimonene suspension. The prepared antimonene suspension was sealed for 48 hours and centrifuged for 30 minutes with speed of 1500 rpm. Then the large antimonene particles were precipitated and the suspension became stratified. The supernatant was selected as the experimental sample and shown in Fig. 1(b) . The end surface of the fiber optic jumper was dipped into the supernatant for 10 minutes. After drying at room temperature for 5 hours (in drying oven), the antimonene nanosheets layer was formed at the end surface of the fiber optic jumper, shown in Fig. 1(c) . The diameter of the fiber core is around 8 μm. The transparent substances are the FLA.
The morphology of samples was characterized by scanning electron microscopy (SEM). Fig. 2 (a) is the SEM image of large-sized antimony crystal powder. An obvious layered structure could be observed on the edge of antimony crystal in the diagram, which indicated that through LPE or mechanical stripping methods, the nanosheets could be exfoliated. The as-prepared antimonene dispersion was attenuated using ethanol and deposited on aluminum foil substrate with drying for 24 hours. The surface morphology measurement of antimonene nanosheets was shown in Fig. 2(b) . The few-layer structure could be observed at the edge of the antimonene nanoflakes and they were almost transparent due to the ultra-thin nature.
The atomic force microscopy (AFM) is one of the important ways to measure sample thickness. Fig. 3 is the AFM image on the SiO 2 substrate and the corresponding height profile of the asprepared few-layer antimonene nanosheets. Most of the measured sample thickness is around 3∼6 nm and the corresponding layer number is about 8∼15 layers [15] . However, due to the influence of un-evaporated ethanol and the adhesion of the sample itself, the actual thickness might be smaller.
We used the Raman spectrometer (LabRAM HR800, HORIBA Ltd.) to test the structure and quality of the experimental sample. Raman spectrum of antimony powder and antimonene nanoflakes were measured at 632 nm excitation wavelength. Raman spectrum is shown in Fig. 4 . Antimony powders owns two Raman peaks, E g mode at 112.4 cm −1 and A 1g mode at 149.9 cm −1 , indicating the β-phase structure. The corresponding E g and A 1g Raman peaks of antimonene nanosheets were 117.6 cm −1 and 154.8 cm −1 , respectively. Compared with the bulk samples, both peaks of the nanosheets had significant frequency shift (around 5∼6 cm −1 wave number), indicating that the samples were stripped [31] , [32] . In addition, the Raman frequency difference of E g and A 1g modes was slightly larger than that, reported by Ji et al. [32] . The main reason might be the superposition of different antimonene nanosheets during the evaporation of solvent.
Nonlinear Absorption Results of Prepared Antimonene Dispersion Liquid
We used the open aperture Z-scan method to investigate the NLA response of the as-prepared antimonene dispersion liquid. The excitation laser was 10 Hz repetition rate, 1064 nm wavelength with pulse width of 40 ps. The dispersion liquid was instilled in a quartz colorimetric utensil with 2 mm thickness. Fig. 5(a) shows the result of Z-scan at 1064 nm with excitation energy of 6 μJ. A sharp peek is located at beam waist, which exhibits the saturated absorption effect of antimonene at 1064 nm. (1), as followed [17] :
where T is the transmittance, A is a normalization constant, δT is the absolute modulation depth, I and Is are the incident intensity and saturation intensity. The fitted saturation intensity and modulation depth are 1.3 GW/cm 2 and 18.4%, respectively. Low saturable intensity and relatively large modulation depth implies favorable application of antimonene as saturable absorber.
Using Horizon mid-band OPO laser with tuning range of 192∼2750 nm (Continuum Inc, America), we measured the nonlinear absorption properties of antimonene nanosheets at 1564 nm wavelength, which were coated on the sapphire substrate. The excited pulse width was 6 ns and the repetition frequency was 10 Hz. The result was shown in Fig. 6 . The modulation depth of the antimonene nanosheets is 9% (82% → 91%), which implies a relatively high non-saturation loss of 9% (91 % →1).
Results
Short Pulse Generation Based on Antimonene Saturable Absorber
Passively mode-locked technique is an important way to obtain short pulse lasers. Saturable absorber inserting in the resonant cavity occupies an important position in the passively mode-locked laser. In this experiment, a passively mode-locked erbium-doped fiber laser based on antimonene saturable absorber was realized. The ring cavity configuration with a total length of 95 m is shown in Fig. 7 . The pumping signal is introduced by a 976 nm laser diode (LD) through a 980/1550 nm wavelength division multiplexer (WDM). The maximum launched pump power is about 500 mW. A 40 cm erbium-doped fiber (EDF) (Liekki Er110-4/125) was used as gain medium. The EDF has an absorption coefficient of 110 dB/m at 1530 nm and a group velocity dispersion (GVD) of 12 ps 2 /km at 1550 nm. A polarization-independent isolator (ISO) maintained single direction transmission of light. A section of ∼88 m standard single-mode fiber (SMF) with a GVD of −22 ps 2 /km at 1550 nm is used additionally for increasing the number of longitudinal modes and ensuring the cavity operating in the anomalous dispersion region. Sb-SA was the prepared antimonene saturable absorber. The polarization controller (PC) changed the polarization state of the cavity. The output coupler (OC) ratio was 20:80. The output characteristics were monitored by an optical spectrum analyzer (Yokogawa AQ6370B) and an oscilloscope (Tektronix DPO4104, 1 GHz, 5 GS/s) with a photoelectric detector (Thorlabs DET08CFC), respectively.
Single-Wavelength Pulse Laser:
The output spectrum and mode-locked state are variable with the adjustment of PC. Here, we focused on the study of the stable single wavelength modelocked performance within the pump power in the range of 130-500 mW. The laser threshold was around 150 mW. Fig. 8 describes a typical single wavelength mode-locked state of the fiber laser. Fig. 8(a) shows the optical spectrum of fundamental mode-locking at the pump power of 350 mW. The central wavelength of spectrum is located at 1564 nm with a 3 dB spectral bandwidth of ∼0.28 nm. The single pulse envolope and oscilloscope trace (inset) of fundamental mode-locking are shown in Fig. 8(b) . The pulse repetition rate is 2.16 MHz, which corresponds to a cavity length of 95 m. The pulse duration is calculated to be 1.73 ns, thus, the time-bandwidth product (TBP) is around 59.41, which is higher than the theoretical limit value (0.44), indicating that the optical pulse is strongly chirped. The theoretical pulse width corresponding to the spectrum is 13 ps. Adjusting PC, the high-order harmonic mode-locking operation can be realized. Fig. 8(c) depict the optical spectrum of 165th harmonic mode-locking (356 MHz) with the central wavelength of 1564 nm and a 3 dB spectral bandwidth of ∼0.278 nm. And there is a very clear kelly sideband, which displays that the laser is in a solitary mode-locked state. Fig. 8(d) gives the single pulse envolope and oscilloscope trace (inset) of harmonic mode-locked pulses, the pulse duration is calculated to be 953 ps, and the corresponding TBP is 32.49. Moreover, during the experiment, we found that fundamental frequency mode-locking and high-order mode-locking can be achieved by adjusting the PC regardless of high input energy or low input energy.
The repetitive frequency could be realized from the 2nd order harmonic (4.29 MHz) to the 4th order harmonic (8.49 MHz) by adjusting the PC. Fig. 9 displays the pulse sequence of adjustable harmonic mode-locked (HML) from the 1st to the 4th order pulse laser when the pumping power was 450 mW. The pulse sequence of base frequency (Fig. 9(a) ), i.e., Fig. 8(b) acted as the reference role. Figs. 9(b)-9(d) show the pulse trains with the repetition rate of 4.29, 6.76, and 8.49 MHz, which corresponds to 2nd, 3rd, and 4th harmonics of fundamental frequency, respectively. The pulse widths from the 1st order to the 4th order pulses are in nanosecond order of magnitude. From the view of stability, the higher the order, the worse the stability. Through adjusting PC, the mode-locked laser with much higher order may be realized. Fig. 10(a) shows the average output power of the laser emission when the laser was operated in a single pulse. It exhibited that the output power increased with the increasing of pump power. The maximal output power is 7.28 mW and the light-to-light conversion rate is 1.6%. Single pulse energy and peak pulse power is shown in Fig. 10(b) . When the pump power is around 450 mW, the largest pulse energy and highest peak power are 3.43 nJ, 1.92 W, respectively. 
Dual-Wavelength Pulse Laser:
The non-polarization maintaining fiber was used in the laser output. The antimonene owns different saturable absorption intensities for the propagating light in different polarization states. The light propagating through the antimonene saturable absorber will produce a certain phase difference, which causes the interference of each other and acts as an interference filter. Due to the homogeneous gain broadening caused by the changing of the polarization state, this interference will eliminate the competition between the different wavelengths, which will cause the polarization hole-burning effect [31] , [32] . As we all know, polarization-dependent loss could be generated by squeezing the fiber in the PC. Adjusting PC to change the polarization state of the transmitted light can make the different laser wavelengths operate in different polarization states, which guarantees the output of dual-wavelength laser in the mode-locked state. Therefore, by carefully tuning the PC, dual-wavelength operation was obtained. Fig. 11 describes the dual-wavelength mode-locked state of erbium-doped fiber laser based on Sb-SA. Fig. 11(a) shows the fundamental frequency dual-wavelength spectrum, which exhibits two peaks at 1561.3 and 1562.7 nm. The frequency difference of these two peaks was 0.17 × 10 12 Hz, which provided a powerful source for the generation of terahertz wave. The single pulse envolope and oscillograph (inset) of dual-wavelength are shown in Fig. 11(b) . Its pulse repetition rate was also 2.16 MHz, which indicates this dual-wavelength output was in fundamental frequency mode. And the single pulse width is 2.87 ns, which is longer than the single wavelength mode. Fig. 11(c) is the highorder dual-wavelength emission spectrum corresponding to the fundamental frequency 366.5 MHz. The two peaks were the same as the base frequency. As shown in Fig. 11(d) , the single pulse envolope and oscillograph (inset) of high-order dual-wavelength, and the pulse duration is calculated to be 1.23 ns. A 60 minutes evolution process of the pulse is shown in Fig. 12 . The relatively uniform intensity indicates that the dual-wavelength output laser was relatively stable in a long time. In 1 hour, the intensity ratio of wavelengths at 1561.3 and 1562.7 nm was in the range of 0.935∼1.038, which was much close to 1. So, the spectrum intensity could be approximatively considered in the same level, which benefits the conversion efficiency in the potential difference-frequency experiment for the generation of terahertz wave. Our results indicate that using Sb-SA, the single-and dual-wavelength fiber laser could be flexibly realized through altering the stress and strain of the fiber.
Conclusions
In summary, we have prepared FLA by LPE method and demonstrated that antimonene is an effective nonlinear absorption material by Z-scan technology. Using Sb nanosheets as saturable absorber, the single-and dual-wavelength outputs were realized. The AFM exhibits the sample was in the height of 3∼6 nm. The two peaks of stable synchronous dual-wavelength output were at 1561.3 and 1562.7 nm with the difference frequency of 0.17 × 10 12 Hz (terahertz wave). Our results not only demonstrated that antimonene was a very promising nonlinear optical material for realizing dual-wavelength pulse lasers output, but also widened the application of antimonene in optics.
